Cellulose nanocrystals (CNCs) are emerging nanomaterials with a large range of potential applications. CNCs are typically produced through acid hydrolysis with sulfuric acid; however, phosphoric acid has the advantage of generating CNCs with higher thermal stability. This paper presents a design of experiments approach to optimize the hydrolysis of CNCs from cotton with phosphoric acid. Hydrolysis time, temperature and acid concentration were varied across nine experiments and a linear least-squares regression analysis was applied to understand the effects of these parameters on CNC properties. In all but one case, rod-shaped nanoparticles with a high degree of crystallinity and thermal stability were produced. A statistical model was generated to predict CNC length, and trends in phosphate content and zeta potential were elucidated. The CNC length could be tuned over a relatively large range (238-475 nm) and the polydispersity could be narrowed most effectively by increasing the hydrolysis temperature and acid concentration. The CNC phosphate content was most affected by hydrolysis temperature and time; however, the charge density and colloidal stability were considered low compared with sulfuric acid hydrolysed CNCs. This study provides insight into weak acid hydrolysis and proposes 'design rules' for CNCs with improved size uniformity and charge density.
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Thermal stability of CNCs is another important consideration for many applications, specifically in oil and gas extraction fluids and in the fabrication of nanocomposites which are often processed at high temperatures. The effects of hydrolysis conditions on the thermal stability of sulfuric acid hydrolysed CNCs have been studied and it has been shown that longer hydrolysis times produce CNCs that degrade at lower temperatures [17] . Although improved thermal stability was achieved with very low hydrolysis times, the CNCs produced were larger with lower colloidal stability [17] . Recently, hydrolysis procedures with acids other than sulfuric acid have been used to produce CNCs with increased thermal stability [7, 10] . Chen et al. [10] used oxalic acid to produce thermally stable CNCs functionalized with carboxyl groups; however, the CNC yield was very low. Work by Camarero-Espinosa et al. [7] has demonstrated that CNCs hydrolysed with hydrochloric acid or phosphoric acid have significantly higher thermal degradation temperatures than those hydrolysed with sulfuric acid. Unfortunately, CNCs hydrolysed with hydrochloric acid are uncharged and largely aggregated, do not form colloidal suspensions in water, and as a result are difficult to handle and disperse. Conversely, CNCs hydrolysed with phosphoric acid have anionic phosphate half-ester groups grafted to their surfaces and form stable suspensions, though the colloidal stability of these suspensions does not rival that of CNCs produced with sulfuric acid [7] .
The significant improvement in thermal stability of phosphoric acid hydrolysed CNCs is a potential solution for many applications requiring temperature resistance. Furthermore, phosphorylation of (macro)cellulose and cellulose derivatives has been shown to impart flame retardancy [21] [22] [23] [24] . On a nanoscale, phosphorylated cellulose nanofibrils have also been demonstrated to possess self-extinguishing properties [25] . We also have interest in CNCs hydrolysed with phosphoric acid because they have potential advantages over their sulfuric acid counterparts as bone scaffolding materials. Other phosphorylated cellulose substrates have demonstrated potential as biomedical materials that promote the formation of hydroxyapatite, which is the inorganic component of bone [26] [27] [28] [29] . Thus, not only are CNCs hydrolysed with phosphoric acid stable at high temperatures and potentially flame-retardant, they could ideally be used in bone scaffolding applications to encourage new bone growth.
To facilitate the use of CNCs hydrolysed with phosphoric acid in some of the applications described above, the hydrolysis procedure needs to be optimized and better understood. Although this method has been used in the literature [30, 31] , the resulting particles are often larger than sulfuric acid hydrolysed CNCs and tend to aggregate due to their low surface charge density [7, 32, 33] . These shortcomings make the CNCs difficult to work with; post-processing purification such as filtration of CNCs after sonication becomes extremely difficult and results in the loss of material as the aggregates are unable to pass through the normal paper or glass microfibre filters. We hypothesize that the previously demonstrated phosphoric acid hydrolysis protocols are not harsh enough to fully degrade the less-ordered cellulose regions to yield individualized nanoparticles and do not functionalize the nanocrystal surfaces with a sufficient density of phosphate groups. The goal of this project is to optimize the hydrolysis to extract phosphated CNCs that have greater colloidal stability and more uniform size distributions (and thus more predictable performance). A design of experiments (DOE) approach was selected to screen the effects of hydrolysis time, temperature and acid concentration on the morphology, charge content, thermal stability, crystallinity and colloidal stability of CNCs hydrolysed with phosphoric acid.
Material and methods (a) Materials
Phosphoric acid (85 wt%), sodium hydroxide (96 wt%) and sodium chloride (salt) were purchased from Caledon Laboratories Ltd (Georgetown, Canada) and used as received. (14 kDa molecular weight cut-off) was purchased from Sigma-Aldrich. Whatman ashless filter aid (catalogue no.1703-050) and Whatman glass microfibre filter paper was obtained from GE Healthcare Life Sciences Canada. PhosVer 3 Phosphate Reagent Powder Pillows were obtained from Hach Canada. Poly(allylamine hydrochloride) (PAH, Mw 120 000-200 000 g mol −1 ) was purchased from PolySciences (Warrington, USA) and used without further purification. All water used had a resistivity of 18.2 MΩ·cm and was purified by a Barnstead GenPure Pro water purification system from Thermo Fisher Scientific (Waltham, USA).
(b) Experimental design
A three-factor DOE was chosen to study the effects of hydrolysis time (x 1 ), temperature (x 2 ) and phosphoric acid concentration (x 3 ) on CNC properties. A full factorial of experiments was performed to gain information on the individual effects of the three parameters as well as their two-factor interactions. This full factorial required the extraction of eight batches of CNCs and an additional centre point with conditions (0, 0, 0) was performed as well. The hydrolysis time, temperature and acid concentration had low and high values of 80 min and 120 min, 100°C and 120°C and 70 wt% and 75 wt%, respectively. All three parameters were selected to vary within ranges that would generate a reliable model that could accurately predict CNC properties. The goal of these experiments was to assess which parameters affected the desired outputs most and to determine the direction for future experiments. For this reason, the hydrolysis time, temperature and acid concentration were varied over relatively narrow ranges. Additionally, some constraints further restricted the selected values (like the solubility of cellulose in H 3 PO 4 ). The range of hydrolysis temperatures was initially set to vary from 80 to 120°C; however, acid hydrolysis of cotton at 80°C failed to produce particles with nanoscale dimensions and coagulated/partially digested cellulose was obtained. As discussed below, sample discoloration and burning were observed at 120°C such that higher temperatures could not be used. Furthermore, the range of acid concentrations considered in this paper is narrow because the hydrolysis conditions had to be harsher than those presented by Camarero-Espinosa et al. without causing the cellulose to dissolve, which occurs around 80 wt% phosphoric acid [7, 34] . For all hydrolyses, CNC length, height, apparent size by dynamic light scattering, phosphate content, thermal stability, crystallinity and zeta potential were measured; however, statistical analysis was only carried out for properties that changed outside of the measurement precision. As such, a linear least-squares regression as a function of the three input parameters was performed for three outputs: CNC length, phosphate content and zeta potential. This statistical analysis was performed in R v. 3.2.3, which is a free and open source statistical computing and graphics program available online (https://cran.r-project.org/).
(c) Phosphoric acid hydrolysis
CNCs were hydrolysed with phosphoric acid roughly following the procedure outlined by Camarero-Espinosa et al. [7] . A total of nine hydrolyses were completed with the reaction parameters indicated in table 1 and the naming of samples follows 'hydrolysis time, temperature, acid concentration', i.e. sample 120-120-75 was produced through a 120 min hydrolysis, at 120°C with 75 wt% phosphoric acid. In general, a cotton pulp was first produced by blending 2 g of Whatman ashless filter aid with varying amounts of water, depending on the desired acid concentration. The size of this pulp (with dry density ca 0.23 g ml −1 ) and morphology of its fibres (with diameters ca 25 µm) are shown in electronic supplementary material, figure S1. The pulp was placed in a 500 ml round-bottom flask, to which phosphoric acid was added (total volume 361 ml) and the mixture was heated in an oil bath under constant stirring with a magnetic stir bar. Following the hydrolysis, the suspension was cooled in an ice bath and quenched with 600 ml of water. The suspension was evenly divided into six 250 ml Nalgene bottles and centrifuged for 15 min at 3600 r.p.m. in a Sorvall RC-5 superspeed refrigerated centrifuge from Dupont. The resulting supernatant was poured off, an additional 600 ml of water was added to the remaining suspension and the centrifugation cycle was repeated. After two centrifugation cycles, the remaining suspension was placed in dialysis. CNCs were dialysed against purified water (suspension : water volume ratio = 20 : 1) changing the water daily until the pH of the suspension no longer changed (ca 15 days). Once removed from dialysis, the CNC suspensions were sonicated for 15 min at 60% output with a probe sonicator (Sonifier 450, Branson Ultrasonics) in an ice bath to maintain the temperature below 30°C, and filtered with a glass microfibre filter with 1 µm pore size. CNCs were then converted to the sodium-salt form by adding sodium hydroxide until the samples reached a pH of 7.
(d) Atomic force microscopy
CNCs were imaged by atomic force microscopy (AFM) to study particle morphology. Silica wafers were cleaned with a piranha solution (3 : 1 sulfuric acid to hydrogen peroxide), followed by a rinsing step with water and a drying step with nitrogen. A thin layer of 0.1 wt% PAH was spin-coated (G3P spin-coater, Specialty Coating Systems, Inc.) onto the wafers at 4000 r.p.m. for 30 s to prevent aggregation of the CNCs. Following the deposition of PAH, water was spin coated to rinse the substrate. Lastly, a dilute CNC suspension (0.01 or 0.005 wt%) was spin coated onto the wafers. Images were collected on a MFP-3D AFM (Asylum Research an Oxford Instruments Company, Santa Barbara, USA) in tapping mode. FMR cantilevers, with a force constant of 2.8 ± 0.7 N m −1 and a resonance frequency of 75 ± 15 Hz, were purchased from NanoWorld and used to collect images. Post-processing of the images was performed with Asylum Research 13.17 software, in conjunction with Igor Pro 6.37. Images were flattened with the Magic Mask feature and the particle size distributions were obtained using the builtin particle analysis tool in the Asylum Research software. All edge particles were ignored and any particles with areas less than 25 nm 2 were not measured. CNC particle length and particle cross section (from the height profile) were measured on the height images [35] .
The particle size distributions shown here and in the electronic supplementary material are all the result of particle counts greater than 100, over multiple AFM images. Owing to the nature of the samples and the presence of large aggregates, the median CNC length was selected rather than the average CNC length to best represent CNC size. Further justification for choosing the median CNC length for statistical modelling is described in the electronic supplementary material, figure S2 (as tested on shorter and more dispersed sulfuric acid hydrolysed CNCs). [36] . Three particle size estimates were obtained for each sample; each estimate is an average particle size obtained from a distribution of values collected over 10-15 measurements. The sample average with 95% confidence (assuming normal distribution) is reported from three measurements.
(f) Colorimetric determination of phosphate
Colorimetric methods have been used to detect phosphate levels in solution for decades [37] [38] [39] . Readily available powder pillows from Hach are commonly used to detect phosphates in water samples with a portable spectrophotometer. This method is comparable to standard procedures outlined in the literature [40] . Dilute CNC suspensions of 0.1 wt% were prepared for phosphate content analysis. The CNC suspension was placed in the Hach DR 2800 portable spectrophotometer and the absorbance of the sample at a wavelength of 880 nm was measured. This absorbance was used as a blank. A PhosVer 3 Ascorbic Acid Powder Pillow from Hach was added to a separate CNC suspension. This sample was vigorously mixed for 30 s, followed by a 2 min wait time for the reaction to proceed to completion. The reactive orthophosphate in the CNC sample reacts with the molybdate from the powder pillows under acidic conditions to form a phosphomolybdic complex, which appears blue in colour. The absorbance of this sample was measured at 880 nm and translated to a phosphate content. The sample average with 95% confidence (assuming normal distribution) is reported from three measurements.
(g) Zeta potential
Zeta potential was used to assess the colloidal stability of the CNCs in suspension and was measured with a ZetaPlus zeta potential analyser from Brookhaven Instruments. All zeta potential measurements were performed on 0.1 wt% CNC suspensions with 5 mM NaCl added. Three measurements were performed on each sample and the electrophoretic mobility was converted to zeta potential following Smoluchowski theory. The sample average with 95% confidence (assuming normal distribution) is reported from three measurements.
(h) X-ray diffraction X-ray diffraction (XRD) was used to determine the degree of crystallinity for CNCs. Freezedried CNCs were compressed into small discs and mounted on a silicon wafer. A Bruker D8 Discover diffractometer with Davinci design was used to collect two-dimensional frames at a detector distance of 14 cm. The X-ray source was a cobalt sealed tube emitting an electron beam with a wavelength of 1.79026 Å with a 35 kV and 45 mA power source. The sample was properly positioned with a vertical D8 θ -θ goniometer, while a 0.5 mm micro slit and a 0.5 mm short collimator were used to adjust the beam. One-dimensional frames were obtained by integrating the two-dimensional frames with Diffrac.eva 4.0 and subtracting frames collected on an empty silicon wafer. Rietveld refinement was used to match theoretical models to the measured diffraction spectra for both the crystalline and amorphous phases [41, 42] . The amorphous phase was modelled with a pseudo-Voigt function and a manually inserted fixed peak at 24.1°for all samples. Crystallinity index was obtained by comparing the contribution of the crystalline peaks to the diffraction spectrum of the sample. The measurement error is taken to be ca 5%. 
(i) Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed on freeze-dried CNCs with a TA Instruments Q50 thermal analyser. To get reproducible TGA results, a round pellet was formed by placing 3.0 mg of dried CNCs between two plastic stoppers in a 1.0 ml syringe. The CNCs were compressed to form a pellet, which was placed in an argon-filled chamber. The mass of the sample was monitored as the temperature in the analyser was raised to 600°C from room temperature at a rate of 10°C min −1 under argon.
Results and discussion
Nine phosphoric acid hydrolyses covering the desired parameter space were performed to produce phosphated CNCs with a range of properties. (In the following discussion, samples are named according to the convention 'hydrolysis time, temperature, acid concentration'.) CNCs were fully characterized and the zeta potential, apparent particle size, phosphate content, median particle length and crystallinity index are shown in table 1. While AFM length and apparent size by DLS are both size measurements, we include both because one is a physical size but a twodimensional projection of a three-dimensional system, and the other provides insight into the dispersion of nanoparticles in suspension. In general, the two size measurements show the same trend with hydrolysis conditions-the CNCs produced are shorter with increasing hydrolysis harshness. AFM median lengths span 238-475 nm and apparent size by DLS ranges from 163 to 250 nm which implies that nanoparticles are being produced and that there is no significant aggregation in suspension.
As expected, almost all hydrolysis conditions produced rod-like nanoparticles, as shown in figure 1 , except for the harshest hydrolysis (i.e. 120-120-75). The particles extracted from this hydrolysis can be seen in figure 1i ; they appear to be aggregates of over-hydrolysed, degraded and re-precipitated cellulose and larger micrometre size clumps were also observed but difficult to image by AFM. We do not consider the 120-120-75 CNCs to be true CNCs based on size, the low degree of crystallinity [4] and the brown colour observed after hydrolysis. At first, harsher acid hydrolysis conditions (increased time, temperature and acid concentration) have resulted in increased CNC crystallinity due to degradation of the amorphous regions into oligosaccharides [18] . Beyond a certain point, however, crystallinity has been shown to decrease due to damage to the crystalline region [17] , which has likely occurred with 120-120-75. An attempt was made to introduce a cellulose II phase for the 120-120-75 sample. The peaks observed in the XRD spectra of this sample were very broad and, while some peaks resemble those of a cellulose II phase, this cannot be stated with absolute certainty. The XRD profile can be seen in electronic supplementary material, figure S3 . Furthermore, the brown colour of the CNCs hydrolysed at the harshest condition is likely due to the formation of fufural and 5-hydroxymethyl-2-furfural (HMF), which are degradation products from the hydrolysis of CNCs. The reaction pathways leading to the formation of these compounds have been discussed in several papers [18, 43] and the presence of HMF has previously been quantified via high pressure liquid chromatography [44] [45] [46] . As such, due to the presence of large aggregates and the apparent degradation of crystalline regions, the median length/size distribution and statistical analyses were not performed on 120-120-75. The eight remaining samples were used in the DOE modelling and are considered sufficient to obtain model results with confidence levels that can be calculated and do not span zero.
Zeta potential is a measure of colloidal stability, where absolute values over 20 mV are generally taken as colloidally stable suspensions [36] . The CNCs produced using phosphoric acid do not meet this criterion yet appear well dispersed in water and remain stable over time by eye. Small additions of salt (approx. 10 mM), however, will cause the particles to coagulate and settle which supports the zeta potential values reported. The zeta potential is a function of the phosphate content (i.e. surface charge density, see electronic supplementary material, AFM particle dimensions) and the particle size and is discussed further below in the modelling section. The degree of crystallinity for CNCs is important because the mechanical properties, response to electromagnetic fields and chemical resistance are directly related to the organization and packing of polymer chains in the nanoparticles. The degree of crystallinity also relates to the harshness of the hydrolysis where too little or too much hydrolysis of cellulose could lead to significant changes in the crystal structure. All CNCs produced had a high degree of crystallinity, over 93% (except for 120-120-75). From table 1, the crystallinity values are within the assumed measurement error (5%) and were therefore not included in any statistical analysis. We conclude that phosphoric acid hydrolysis yields highly crystalline CNCs, similar to sulfated CNCs, but that within the range of hydrolysis time, temperature and acid concentrations tested we cannot tailor CNC crystallinity to a significant degree.
A primary reason to produce CNCs by phosphoric acid hydrolysis is to obtain more thermally stable CNCs. The TGA curves in figure 2 indicate that all CNCs showed significant increases in thermal stability when compared with CNCs hydrolysed with sulfuric acid. Sulfuric acid hydrolysed CNCs in the sodium form are known to be more stable than in the acid form [47] and this is also the case for phosphoric acid hydrolysed CNCs. While the results in figure 2 are for sodium form CNCs, a separate study was performed on CNCs hydrolysed for 90 min at 100°C with 70 wt% phosphoric acid. In the acid form, the CNCs from this sample had a maximum rate of thermal decomposition of 331°C, which is significantly lower than the 392°C observed for the same CNCs in the sodium form. Interestingly, however, very similar thermal degradation patterns were observed for all phosphated CNCs and the thermal stability was not changed in a statistically significant way by changing the hydrolysis conditions. As such, the generation of a model for thermal stability is not included in this paper; future studies will examine thermal degradation mechanisms of CNCs produced with different acids in more detail.
The following sections present the DOE models for properties that can be tailored significantly though phosphoric acid hydrolysis and that generate models with high confidence. In order of decreasing model accuracy, CNC length, phosphate content and zeta potential (colloidal stability) are presented below.
(a) Median particle length model
The median particle lengths for each CNC sample were obtained by automated particle detection on AFM images as described above. The median particle length was chosen to represent CNC size because it is not heavily affected by aggregates. The particle size distributions were measured for eight samples (all samples except for 120-120-75). CNCs hydrolysed with phosphoric acid have the potential to be tailored over a larger range of lengths compared with CNCs hydrolysed with sulfuric acid, whose lengths do not vary as significantly. Within the range of hydrolysis conditions tested, median length of CNCs hydrolysed with phosphoric acid varied within 238-475 nm. Conversely, research shows that CNCs produced through various sulfuric acid hydrolysis conditions have lengths that either do not change with any statistical significance or change within a smaller range of values (e.g. 130-281 nm) [17, 19] . A multiple linear least-squares regression was performed in R and the following model (equation (3.1)) was generated to predict the median particle length (Y) based on hydrolysis time (x 1 ), hydrolysis temperature (x 2 ) and phosphoric acid concentration (x 3 ): Figure 3 . Coefficients for the parameters in a model predicting median CNC length. All coefficients are negative (i.e. an increase in the input parameter results in a decrease of the output property).
parameters on median CNC length. The coefficients for the parameters of this model are shown in figure 3 . The most significant effects on median CNC length were observed by changing the hydrolysis temperature and acid concentration. Previous work by Chen et al. [19] has similarly discussed a strong dependence of CNC length on the sulfuric acid concentration used in the hydrolysis. CNCs hydrolysed with phosphoric acid appear to follow the same trend; increasing the acid concentration allows for the extraction of CNCs with a lower median length. Hydrolysis temperature, as well as the interaction between temperature and acid concentration, also play significant roles in determining median CNC length. The strong effect of temperature on CNC length is likely a result of a higher rate constant for the acid hydrolysis of cellulose [48] . Higher rate constants result in faster hydrolysis of glycosidic linkages and lower degree of polymerization of cellulose, which correlates with nanocellulose length [49] . The exact reason for the increase in reaction rate remains unclear; however, both increased diffusion of acid into cellulose fibres and a higher acidity function of phosphoric acid could be responsible [50] . The strong interaction between temperature and acid concentration is evident from both figure 3 and the factor interaction profiles in figure 4 . The slopes of the median length versus hydrolysis temperature at low and high acid concentrations have very different magnitudes, indicating a strong interaction between acid concentration and temperature. At a low acid concentration, changes in hydrolysis temperature have greater effects on median CNC length than at a high acid concentration. Similarly, a plot of median length versus acid concentration shows that, at lower temperatures, small changes in acid concentration cause larger decreases in median CNC length. Strong interactions between hydrolysis temperatures and acid concentrations have been observed in other work with sulfated CNCs [18, 20] . The degree of hydrolysable cellulose has been shown to increase with increasing reaction harshness; a parameter that was used to designate the combined effect of temperature and acid concentration in a sulfuric acid hydrolysis [18] . The degree of hydrolysable cellulose was defined as the fraction of cellulose that could be de-polymerized at given hydrolysis conditions [18] . A higher degree of hydrolysable cellulose is reflected in shorter CNCs; this was also observed in the CNCs hydrolysed with phosphoric acid. By increasing both the temperature and acid concentration of the hydrolysis, a lower polydispersity of CNCs was observed. the particle size distribution becomes narrower and fewer large CNCs or CNC aggregates are observed. This is also apparent in the AFM images in figure 1 . Conversely, figure 3 shows that hydrolysis time on its own does not significantly affect median CNC length over the range of hydrolysis times tested in this study. This is in line with findings by Kargarzadeh et al. [17] , where CNCs were hydrolysed with sulfuric acid for 20-120 min and no discerning changes in CNC length were observed. It is possible, however, that a hydrolysis time significantly lower than 80 min could result in much longer CNCs. The range of hydrolysis times selected for this set of experiments is likely within a plateau region where no further decreases in CNC length can be observed with increasing hydrolysis times.
(b) Phosphate content model
The phosphate content for each sample can be seen in The R 2 for this model is 0.8844 and the p-value is 0.59, meaning that there is not enough evidence to reject the null hypothesis. This model cannot fully predict CNC phosphate content; however, it can provide key insights into the main factors affecting charge content on CNCs hydrolysed with phosphoric acid. The coefficients for the parameters of this model are shown in figure 6 . Changes in hydrolysis temperature between 100°C and 120°C have the most significant effects on CNC phosphate content, while the effect of changing acid concentration on its own is minor. Furthermore, the Pareto plot in figure 6 and the sign of the coefficients in the model's equation show that increasing the acid concentration causes phosphate content to slightly decrease, while increasing the hydrolysis time or temperature causes phosphate content to increase. The factor interaction profiles can be found in electronic supplementary material, figure S5 . This does not follow previously demonstrated trends for the hydrolysis of CNCs with sulfuric acid. Work by Dong et al. [20] concluded that acid concentration had the most significant effect on CNC sulfate content, while hydrolysis temperature had a moderate effect and hydrolysis time had a negligible effect. Chen et al. [19] showed that acid concentration has the most drastic effect on CNC sulfate content, though hydrolysis time and temperature were also shown to be important factors. At low acid concentrations, the effects of hydrolysis time were shown to be more significant, as the formation of sulfate half-esters on CNC surfaces occurs relatively slowly. At high acid concentrations, the effects of time are less significant, as CNC sulfate content increases sharply and levels off [19] . The strong effect of acid concentration on the sulfate content for CNCs hydrolysed with sulfuric acid is directly related to the fact that sulfuric acid is a strong acid and is known to catalyse the esterification of cellulose [54] . As mentioned, CNCs hydrolysed with phosphoric acid have roughly one-tenth of the surface charge density of those hydrolysed with sulfuric acid. This is likely related to the fact that phosphoric acid is a weaker acid that is not entirely dissociated in solution and does not catalyse esterification to the same extent as sulfuric acid. Furthermore, to reach the same H + concentration in the reaction as is present with approximately 65 wt% sulfuric acid (the most common protocol [55] ) would require a phosphoric acid concentration over 15 M (assuming a dissociation constant of ca 0.618 [56] ); this concentration would dissolve cellulose [34] . (The ratio of ionic species from phosphoric acid dissociation at high concentrations and high temperatures is also somewhat debated [57, 58] .) We can also infer that our hydrolysis never reaches the same severity in terms of acid concentration, because we do not observe a significant levelling off or decrease in phosphate content, as has been observed with sulfuric acid. Finally, the small changes in phosphate content overall may be a result of insignificant changes in H + concentration over the 70-75 wt% range of acid conditions tested. The hydrolysis time and temperature have far more significant effects on phosphate content within this DOE. From these results, we conclude that the most significant effect of the acid strength (strong versus weak acid) is apparent in the ability of the acid to impart surface charge density which unfortunately leads to phosphated CNCs which are not sufficiently charged or colloidally stable for some of the intended applications.
(c) Zeta potential model
As discussed, zeta potential relates to colloidal stability and is a function of the surface charge density and CNC size-the value is calculated from the electrophoretic mobility of the particles in suspension. The zeta potential values are given in table 1 and range from −17.3 mV to −9.0 mV. The zeta potential was measured at pH 7, which is below the second pK a of phosphoric acid; however, the effect of pH on zeta potential was found to be negligible as shown in electronic supplementary material, figure S6 . A multiple linear least-squares regression was performed and the following model (equation (3.3) ) was generated to predict the zeta potential (Y) based on hydrolysis time (x 1 ), hydrolysis temperature (x 2 ) and acid concentration (x 3 ):
The R 2 for this model is 0.6969 and the p-value is 0.8426, meaning that there is not enough evidence to reject the null hypothesis. This model cannot fully predict CNC zeta potential. Furthermore, as all zeta potentials are within a small range and they indicate a general lack of colloidal stability for phosphoric acid hydrolysed CNCs, this model will not be discussed extensively. A Pareto plot demonstrating the effects of hydrolysis time, temperature and acid concentration can be seen in the electronic supplementary material, figure S7 , and factor interaction profiles are included in the electronic supplementary material, figure S8 . Overall, temperature and acid concentration affect the zeta potential the most (which are also the most significant parameters affecting the CNC length) which implies that with the low charge content values obtained here, the size is a dominant factor in predicting how CNCs move in an electric field.
Conclusion
This DOE study provided significant insight into the effects of hydrolysis time, temperature and acid concentration on the morphology and surface charge density of CNCs hydrolysed with phosphoric acid. Three main outputs were statistically analysed: CNC length, phosphate content and zeta potential. The intention was to perform a screening study and understand the range of properties attainable through phosphoric acid hydrolysis of cellulose, not to develop a predictive model, as has been done elegantly, for example, in the central composite design study of sulfuric acid hydrolysed CNCs by Dong et al. [20] . We also did not investigate the yield from these hydrolyses but observed that in all cases the yield of CNCs produced was greater than 40% and could likely be improved. The data collected generated models with high confidence for CNC length but could not fully describe the phosphate content and zeta potential results for phosphoric acid hydrolysed CNCs. Nonetheless, general trends were observed to understand which parameters had the greatest effects on these CNC properties. The hydrolysis temperature and phosphoric acid concentration have the greatest effect on median CNC length and on the overall particle size distribution. Increasing both temperature and acid concentration increases the reaction harshness and results in CNCs with a narrower particle size distribution and smaller median length. Hydrolysis time and temperature had the greatest effects on CNC phosphate content, while the effect of acid concentration was negligible. This is because only a small percentage of phosphoric acid is dissociated and small changes in the acid concentration have little effect on the ability to graft phosphate half-esters onto the CNC surfaces. CNCs extracted with phosphoric acid similarly have small zeta potentials which indicates low colloidal stability. Furthermore, the zeta potential values measured did not vary significantly with changing hydrolysis parameters.
Overall, this DOE provided general 'rules' for tailoring CNC size showing that we could control CNC length over a significantly larger range than for sulfated CNCs. This is particularly useful for controlling CNC reinforcement, rheological modification and interface stabilizing abilities. The use of a weak acid gave an expanded range of properties by not degrading the cellulose too quickly under mild hydrolysis conditions. The downfall of using a weak acid is that low phosphate content and low colloidal stability were inevitable. Although the surface charge density and zeta potential could be better modelled by increasing the number of runs and adding second-order variables to the model, the resultant model implied that higher phosphate content can be imparted by using harsher hydrolysis conditions (most importantly, by increasing the hydrolysis temperature). All of the CNCs produced in this work have high crystallinity and thermal stability and we believe this is a good first step towards tailoring phosphated CNC properties to maximize their potential in high temperature applications and biomedical devices.
